This paper deals with thin-film polyimide membrane actuators. The membranes were fabricated by deep-RIE using the Bosch process for etching a silicon substrate up to the polyamide layer, since we found that the polyimide layer was scarcely etched in this process. Membranes that were 5 mm in diameter and 2-10 µm thick were fabricated. The characteristics of membrane deflection were experimentally and analytically investigated by applying static pressure. The membranes could produce displacement on the order of a hundred micrometers in an experiment. We chose thermal expansion to actuate the membranes as actuators. Applying electricity to an aluminum layer deposited on the membrane deflected the membrane due to the thermal expansion of the aluminum layer. The experiments demonstrated that membranes 3-10 µm thick produced displacements at the membrane centers in a range from 10-20 µm by applying 1 V and the actuators worked periodically by turning the supply of electricity on and off.
Introduction
Polyimide (PI) membranes have been widely used in Micro-electro-mechanical systems (MEMS) based on its low elastic modulus, good mechanical properties, high electric isolation, and high heat resistance
(1)- (6) . A typical method to fabricate a polyimide membrane has been removing the substrate on which a polyimide layer is coated by wet etching (1)- (4) . In general, an etch-stop layer has also been used in this method. However, this method has problems that fabricating an arbitral shape of the membrane is impossible and fabrication process is not simple. In addition, the etch-stop layer increases membrane stiffness if it is not removed. The purpose of this study is to develop a simple fabrication method of thin-film polyimide membranes by dry etching without using an etch-stop layer and to apply the membranes fabricated with this method to MEMS actuators. Typical examples of fabricating a polyimide membrane in conventional studies are as follows. Shearwood et al. fabricated polyimide membranes (φ1-8 mm, t7 µm) by wet etching to remove a GaAs substrate (1) . Nara et al. used wet etching for an Si substrate (2) . An etch-stop layer (Si 3 N 4 ) has also been used (membranes: 4×1 mm, t1.3 µm). Lin et al. used wet etching for an Si substrate and an etch-stop layer (SiO 2 ) has also been used (membranes:φ 20 mm, t2.15 µm) (3) . Gowrishetty et al. used DRIE for etching an Si substrate (5) . Their method was similar to ours. However, they used an etch-stop layer (SiO 2 ) and it was not removed, i.e., their membranes consisted of a polyimide layer and an etch-stop layer (membranes:φ0.3 mm, t2.5 µm).
In our method, we specifically spin-coated a polyimide layer on a silicon (Si) substrate and then removed a membrane section of the substrate by deep reactive ion etching (DRIE) using the Bosch process. We confirmed from an experiment that polyimide layers were scarcely etched with this method. Therefore, thin-film polyimide membranes with arbitrary shapes could easily be fabricated without any etch-stop layer for the etching process. We could fabricate polyimide membranes that were 5 mm in diameter and 2-10 µm thick with the method we propose. These thicknesses are comparable with those in conventional studies
(1)- (5) . However, we also found a problem with this method in that very thin polyimide layers were damaged in the Bosch process. The experiment we carried out demonstrated that the minimum thickness of the polyimide membrane was 2 µm. The characteristics of deflection of the membrane we fabricated were investigated. First, the membrane deflections were measured by applying static pressure (2), (5) . The experiments revealed that the maximum displacement of the membrane center was in a range of several hundreds of micrometers for membranes that were 2-10 µm thick. The polyimide membranes showed the large expandability. However, theoretical analysis conducted to assess the displacements in the experiment revealed that residual stress of the polyimide membrane decreased the generated displacement. This suggests that it is necessary to optimize process condition of the polyimide layer to decrease the residual stress. Next, thermal expansion by applying electricity was chosen as a driving method for the polyimide membranes to act as actuator (7) , (8) . The reason is that polyimide has high electrical isolation and high heat resistance. Thin-film aluminum (Al) layers to apply electricity were deposited on the membranes. The characteristics of the displacement of the actuators were investigated by applying electrical voltage of 1V. The experiments indicated that the maximum displacements that the actuator could produce were 10-20 µm for 3-10 µm thick membranes and the actuators worked periodically for about a 50-s period by turning the input electricity on and off. We consider that this actuator can be available for MEMS such as micro-switches, micro-valves, and micro-positioning systems (2)-(5) .
2. Structure and fabrication process for polyimide membranes 2.1 Structure and dimensions of membranes Figure 1 (a) shows the structure and dimensions of the membranes. There is a thin-film polyimide layer on the silicon substrate and the substrate is 0.4-mm thick. The membrane is 5 mm in diameter and 2-10 µm thick. The thin aluminum layer deposited on the membrane is for applying electricity. Table 1 summarizes the properties of the materials we used. We used two kinds of polyamides as prepolymers of polyimide; PIX-3400 had normal viscosity and PIX-1400 had low viscosity. The properties in Table 1 are cited from supplier's data (9) .
Figures 1 (b) is a photograph of the membrane we fabricated. (9) , ** Coefficient of thermal expansion
Fabrication processes
The fabrication processes are schematically outlined in Fig. 2 . First, an aluminum (Al) layer that was about 0.1-µm thick was deposited on the silicon (Si) substrate. Then, the Al layer for the diaphragm section was patterned by using photolithography ( Fig. 2(a) ). This pattern was used as a mask for the deep-RIE (DRIE) that was conducted later. When the substrate thickness was less than about 0.2 mm, a resin mask could also be used.
Polyamide as a prepolymer of polyimide was used for spin coating since polyimide is not a fluid. The polyamide was spin-coated on the substrate surface opposite to the Al mask. The film thickness of the polyamide was determined in relation to the spinning speed and viscosity. The PIX-1400 in Table 1 was used for polyimide layer thicknesses equal to or less than 2 µm. Then, the polyamide layer was baked to convert it into polyimide ( Fig. 2(b) ). Figure 3 shows the chemical bonds for the polyamide and polyimide. Table 2 lists the baking conditions. This process consisted of two steps of pre-baking and main-baking. The temperature for the main baking was about 350 ℃. These baking conditions were determined to prevent the polyimide layer from being damaged.
Then, the Si substrate was etched by using deep-RIE to obtain a membrane ( Fig. 2(c) ). The deep-RIE used the Bosch process, which can etch silicon substrates deeply and vertically by alternately repeating the etching and passivation processes. We tested and confirmed that this process scarcely etched the polyimide layer, i.e., this process did not need an etch-stop layer. Table 3 summarized the process conditions for the Bosch process (equipment: Sumitomo Precision Products, MUC-21). Arbitrary shapes of membranes could easily be formed with this method. The minimum membrane thickness that could be achieved with this approach was found to be 2 µm. The membranes were damaged in the Bosch process for thicknesses below 2 µm. We consider that it is necessary to optimize the etching conditions.
Finally, an Al layer to apply an electric current was deposited onto the polyimide membrane surface (7) , (8) (Fig. 2(d) ). Vacuum vapor deposition was used to form this layer (3) , (6) . The Al layer was about 0.1 µm thick. This layer did not peel off even when pressure loads were applied in the experiments that were conducted later. Table 4 summarizes the relationship between the fabricated membrane thicknesses and process conditions. The membrane thickness was obtained by the difference between the total thickness (the substrate and the polyimide layer) and the substrate thickness. The surface roughness of the polyimide membranes was also examined. The dry-etched sides of the membranes had larger surface roughness than those that had not been etched. This indicated that the sides exposed to the etching environment had been etched slightly. Step 
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Results from measurements
3.1 Characteristics of membrane displacement by applying pressure Figure 4 outlines the measurement setup to characterize displacement due to membrane deflection actuated by static air pressure Figures 5 (a) and (b) plot the relationship between the displacement of the membrane center and the applied pressure for 10-and 4-µm thick membranes. The displacements of the membranes with and without the aluminum (Al) layer (Fig. 2 (a) ) have been plotted in the figures. Figure 5 indicates that the displacement-pressure relationship has negligibly small hysteresis and that the deposited Al layer on the membrane did not affect the characteristics of displacement. This is probably because the layer was very thin (t0.1 µm). 
Theoretical analysis of membrane displacement
Theoretical analysis of the displacements of the membrane center without the Al layer was conducted to assess the displacements in Fig. 5 . Equation (1) was used to derive the displacement of a thin round membrane as a function of applied uniform pressure (10) . This equation is used when displacement is larger than the membrane thickness.
where d is the displacement of the membrane center, r is the radius of the membrane, and p is the applied pressure. Here, E is Young's modulus for the membrane and t is the membrane thickness. Figures 6 (a) and (b) plot the analytical displacements for 10-and 4-µm thick membranes with respect to the applied pressure. The displacements were obtained by substituting the membrane dimensions (Fig. 1) , the material properties (Table 1) , and the measured pressure (Fig. 5) into Eq. (1). The curves in the figures indicate the analytical displacements and the closed squares plot the experimental results. The figures suggest that there are constant gaps between both results over the pressure range. We considered the reason for this to be residual stress (tensile) caused by baking (Fig. 2 (b) ). Residual stress was investigated and Eq. (2) provides the theoretical pressure-deflection relationship when considering residual stress in the membrane (11) .
where σ 0 is residual stress, νis Poisson's ratio, and the other variables are the same as those in Eq. (1). The residual stress (σ 0 ) can be obtained by substituting membrane dimensions, material properties, and the measured displacement and pressure into Eq. (2). The residual stresses calculated from the measured displacements are almost constant. The average values for the residual stresses we obtained are 26.9 MPa for the 10-µm thick membrane and 24.9 MPa for the 4-µm thick membranes. By taking into consideration these average values, the displacements recalculated by Eq. (2) come to fit well to the measured displacements over the whole measurement range. Figure 7 confirms this. The curves in the figure indicate the theoretical displacements and the closed squares and triangles plot the measured displacements. This figure also suggests that it is possible to obtain larger deflections of membranes by decreasing the residual stress.
Maximum displacements of polyimide membranes
The maximum displacements that the polyimide membranes could produce were examined. Figure 8 plots the pressure-displacements relationship when the applied pressure was increased up to the point where it burst the membrane. The membranes we tested were 3-and 6-µm thick (without the Al layer in Fig. 1 (a) ). The 10-µm thick membranes did not break in the pressure range we applied. Figure 8 demonstrates that the maximum displacements of the membrane center were on the order of several hundred micrometers. The maximum stress for the membranes we tested was theoretically examined. Maximum stress occurs at the center of the membranes theoretically. Equation (3) was used to derive the stress at the center of membranes when uniform pressure was applied to their surfaces (10) . where σ is the maximum stress, and the other variables are the same as those in Eq. (1). The maximum stresses in the polyimide membranes due to the maximum pressures in Fig. 8 are calculated to be 164 MPa for the 3-µm thick membrane and 107 MPa for the 6-µm thick membrane by substituting the maximum pressures into Eq. (3). Residual stresses also exist in their membranes. The residual stress can be estimated with Eq. (2) as described in section 3･2, i.e., 33 MPa for the 3-µm thick membrane and 35 MPa for the 6-µm thick membrane.
Experiment
Theoretical analysis Experiment Theoretical analysis Therefore, the maximum stresses for the membranes in Fig. 8 are estimated to be 197 MPa for the 3-µm thick membrane and 142 MPa for the 6-µm thick membrane. These values almost correspond to the data that the supplier suggests (150 MPa, cf. Table 1 ) (9) . 
Characteristics of membrane deflection driven by thermal expansion
We chose thermal expansion to actuate the polyimide membrane as a driving method (7), (8) . To do that, an aluminum (Al) layer (about 0.1-µm thick) was deposited on the polyimide membrane (3), (6) . When an electric current was applied, the resulting thermal expansions of the Al layer and the polyimide layer generated membrane deflection. The coefficients of thermal expansion are listed in Table 1 . Figure 9 outlines the setup we used to measure displacement of the membrane center. The temperature of the Al layer of the membrane center was also measured with a thermo-couple (AS ONE, TXN-400E, resolution: ±2 ℃).
The input voltage was 1 V and the resulting electric current was about 0.26 A. Reproducibility of this tendency was also observed. The reason for this is considered to be the heat transfer from the aluminum layer to the polyimide layer, creep in the polyimide, and so on. Figure 11 plots the relationship between maximum membrane displacement and its thickness when the thickness changes in the experiment of Fig.10 . The figure indicates that maximum membrane deflection is approximately inversely proportional to the square root of the membrane thickness. Next, periodic electricity was applied. layer and almost constant amplitudes of displacement were reproduced. Thus, this system is able to reproduce displacement on the order of 10 µm within a period of several tens of seconds. 
Conclusions
(1) A fabrication process for thin-film polyimide membranes by DRIE using the Bosch process was proposed. The DRIE was used to etch an Si substrate instead of wet etching. This method has advantage of simple fabricating process and low stiffness of the membrane due to not using an etch-stop layer. The minimum thickness that could be achieved with this method was 2 µm, which is comparable with that in conventional studies. The experiments applying pressure to the membrane revealed the membranes could produce sufficiently large displacement: the maximum deflections of several hundred micrometers (membrane diameter: 5mm, thickness: 3-10µm). Experiments and theoretical analysis suggested that it was necessary to decrease the residual stress in the membrane. (2) The membranes were actuated by thermal expansion due to electricity being applied.
The experiments demonstrated that 3-10 µm thick membranes (diameter: 5mm) could produce deflection in the range from 10-20 µm at the center of the membranes and they could work periodically within a period of several tens of seconds by turning the input on and off. The experiments demonstrated that this system could work as a MEMS actuator. However, it is necessary to improve response performance.
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